










in the year 2004 and time-varying exposure (Supplemental Table
11). An analysis considering the association between air sodium
levels and risk of death also shows no association in models
considering baseline exposure (HR, 1.00; 95% CI, 1.00 to 1.01)
and those considering time-varying exposure (HR, 1.00; 95%CI,
0.99 to 1.00) (Supplemental Table 11). Additional details on sen-
sitivity analyses are presented in Supplemental Material.

In formal interaction analyses, race did not modify the asso-
ciation of PM2.5 and risk of kidney outcomes; the associationwas
more pronounced among women and in those below the me-
dian age and in those below the median body mass index (BMI)
of the overall cohort (Supplemental Figure 1).

DISCUSSION

In a largenational cohortofUnitedStates veterans,weobserveda
linear relationship between PM2.5 concentrations and risk of
incident CKD and progression to ESRD. The results were con-
sistent where baseline exposure was defined as the annual aver-
age PM2.5 concentrations in the year 2004, and where exposure
was time-varying to reflectmovement of cohort participants and
changes in PM2.5 concentrations over the years. Furthermore,
we examined a range of kidney outcomes including develop-
ment of kidney disease, kidney function decline (eGFR decline
$30%), and the terminal outcome of ESRD. The results consis-
tently showed a linear relationship between PM2.5 levels and risk
of kidney outcomes. The results were robust in sensitivity anal-
yses including the examination of different distance thresholds
from an air monitoring station, and analyses evaluating the as-
sociation within metropolitan areas. The results were also con-
sistent in analyses using ambient PM2.5 estimates derived from
NASA’s satellite data. Ambient air sodium concentrations (used
as a negative control) were not associated with increased risk of
adverse renal outcomes. The constellation of findings suggests
that chronic exposure to fine particulate matter air pollution is a
significant risk factor for the development and progression of
kidney disease.

Although air quality has significantly improved in the
United States over the past several decades, air quality remains
suboptimal in many parts of the country and in multiple ge-
ographies around the world. In our analyses, the risk of CKD
and its progression was most pronounced at the highest levels
of fine particulate matter concentrations. However, analyses
where PM2.5 concentrations were categorized in quartiles
suggest a graded relationship; spline analyses (and tests of
nonlinearity) endorse a linear relationship where risk starts to
increase at relatively low concentrations of particulate matter
that are well below the recommended levels by theWorldHealth
Organization (10 mg/m3) and the EPA (12 mg/m3). We used a
conservative approach to estimate the attributable burden of
CKD and ESRD in the contiguous United States, and our results
suggest a small but significant number of incident cases of CKD
(44,793 per year) and ESRD (2438 per year) are attributable to
levels of particulate matter air pollution exceeding the EPA

Figure 1. Adjusted survival curves by PM2.5 quartiles. (A) Incident
eGFR ,60 ml/min per 1.73 m2, (B) incident CKD, (C) eGFR de-
cline $30%, and (D) ESRD. Survival curves are adjusted for age,
race, sex, and T0 eGFR.
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recommended level of 12 mg/m3. A lower and more stringent
TMREL of PM2.5 between 2.4 and 5.9 mg/m3 yielded a higher
estimate of incident CKD (337,032 per year) and incident ESRD
(13,537 per year). The findings provide a quantitative assess-
ment of the potential reduction in burden of CKD that is achiev-
able with improvement in air quality in the United States, and
suggest the need for a broader assessment of the global burden of
kidney disease attributable to air pollution.

Multiple studies reported substantial geographic variation in
theburdenofCKDandESRDintheUnitedStatesandglobally; the
variation was persistent after accounting for diabetes, hyperten-
sion, and obesity conditions generally considered to be major
drivers of kidney disease, suggesting that variation in burden of
disease is likely due to factors other than these traditional driv-
ers.23,29 It has been hypothesized that some of the geographic
variation in kidney disease burden may be due to environmental
factors.23 Our study results suggest that particulate matter air
pollution is an important, but yet unrecognized risk factor for
kidney disease and its progression, whichmay explain some of the
geographic variation in kidney disease burden in the United
States. Examination of the effect of particulate matter on risk of
incident kidney disease and its progression outside the United
States, and particularly in areas with much higher levels of par-
ticulate matter air pollution is warranted.

Three distinct hypotheses havebeenproposed to explain the
epidemiologic observations of a relationship between PM2.5

and cardiovascular outcomes; these may also be pertinent in
the evaluation of renal outcomes.30 The first suggests that in-
haled particles provoke pulmonary inflammation which may
then lead to systemic inflammation.30 The second suggests
that the mechanism involves pollutant-induced disturbances
in the lung autonomic nervous system.30 The third (and most
plausible hypothesis) is predicated on the premise that air-
borne particulates enter the bloodstream where they may
then interact with tissue components to promote the observed
pathologic effects30,31; the latter is supported by emerging ev-
idence suggesting that inhaled inert gold nanoparticles not
only enter the bloodstream of healthy adult volunteers, but
are detected in the urine within minutes after exposure,
providing a proof of concept that inhalednanoparticles getfiltered

and excreted by the kidney.31 These three hypotheses provide
contextual background to evaluate the experimental and clinical
findings describing the extrapulmonary effect of particulate mat-
ter air pollution, where it has been reported that exposure to
elevated levels of PM2.5 is associated with increased inflammatory
mediators (including TNF-a, IL-6, and plasminogen activator
inhibitor-1), oxidative stress,32–34 increased atherosclerotic plaque
area, and exaggerated vasoconstrictor responses to phenylephrine
and serotonin.35 Evidence suggests that increased PM2.5 concen-
trations are associated with significant decrease in flow-mediated
dilatation,36,37 increases in systolic BP and pulse pressure,38–40

and disturbances in the hypothalamic-pituitary-adrenal axis.41

Emerging evidence also suggests that exposure to ambient air
pollutants can lead to metabolic disturbances, including glucose
intolerance, decreased insulin sensitivity, higher blood lipid con-
centrations, weight gain, and increased risk of diabetes melli-
tus.42–44 It is plausible that one or more of these mechanistic
pathways may explain the association described here.

This study has several limitations. Cohort participants were
United States veterans and mostly older white men; therefore,
the findings may not be generalizable to other populations.
Althoughweaccounted for knownconfounders, the possibility
of residual confoundingdue to either unknownorunmeasured
confounders cannot be completely excluded. We specifically
note that the counties with the highest measures of PM2.5 had
higher population density and greater percentage of citizens
living in poverty. Although we took care to develop analyses
for the 100 most populated counties, built city-adjusted and
within-city analyses, and also accounted for United States
county-level characteristics23 in domains including demo-
graphics, physical environment, social and economic condi-
tions, health behaviors, clinical care, and health outcomes, it is
possible that individual differences in genomic makeup,
dietary habits, physical activity, other environmental or occu-
pational attributes, variation in exposure to heavy metals, or
other factors not captured in our analyses might explain
the described results. To define covariates we relied on VA
administrative databases, and although we used comorbidity
definitions validated for use in administrative datasets, mis-
classification or inaccurate measurement of predictor variable

Table 3. Risk of renal outcomes for every 10 mg/m3 increase in PM2.5 concentrations:

PM2.5 Exposure Measure
Incident eGFR

<60 ml/min per 1.73 m2a
Incident CKDb ‡30% Decline

in eGFR
ESRD

Year 2004 annual average N 1,709,761 1,644,351 2,482,737 2,482,737
Events, n % 590,799 (34.55) 358,923 (21.83) 758,342 (30.54) 31,904 (1.29)
HR (95% CI) 1.21 (1.14 to 1.29) 1.27 (1.17 to 1.38) 1.28 (1.18 to 1.39) 1.26 (1.17 to 1.35)

Time varying N 1,702,923 1,637,643 2,473,531 2,473,531
Events, n % 588,557 (34.56) 357,600 (21.84) 755,378 (30.54) 31,790 (1.29)
HR (95% CI) 1.25 (1.17 to 1.34) 1.37 (1.26 to 1.48) 1.36 (1.26 to 1.46) 1.31 (1.21 to 1.43)

Models adjusted for age, race, sex, cancer, cardiovascular disease, chronic lung disease, diabetes mellitus, hyperlipidemia, hypertension, T0 eGFR, BMI, smoking
status, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker use, county population density, number of outpatient eGFRmeasurements, number
of hospitalizations, and county percent in poverty.
aIncident eGFR ,60 ml/min per 1.73 m2 was evaluated in a subcohort of people with no prior history of eGFR #60 ml/min per 1.73 m2 at time of cohort entry.
bIncident CKD was evaluated in a subcohort of people with at least two eGFR measurements separated by at least 90 days who had no prior history
eGFR #60 ml/min per 1.73 m2 at time of cohort entry.

224 Journal of the American Society of Nephrology J Am Soc Nephrol 29: 218–230, 2018

CLINICAL EPIDEMIOLOGY www.jasn.org



is not impossible. Our analyses did not consider the compo-
sition of PM2.5, which may vary by region and over time;
however, estimates using nonspecific PM2.5 mass alone may
underestimate the total effect of PM2.5 on health outcomes
and bias the results toward the null hypothesis.10 Our datasets
did not contain information on time spent in traffic or out-
doors, and did not include information on potential exposure
to indoor air pollutants, which may result in misclassification
of exposure. The study has a number of strengths, including
the large national cohort of veterans who are recipients of care
in a single integrated network of health care systems designed
to reduce variation in care practices, and the analyses benefited
from the merging of large databases including those of the VA,
EPA, Census Bureau, and other data sources. We followed our
cohort participants for a median of 8.52 years (interquartile
range, 8.04–8.80), designed analytic strategies using time-varying
exposure (to capture updated exposure levels as participants
moved over the years), and evaluated a range of well defined
chronic kidney outcomes, including development of kidney
disease, CKD progression, and the terminal outcome of ESRD.
Our analytic approach to examine within-city and city-adjusted
effect reduces concern about confounding due to variation in
regional characteristics, and potential geographic variation in
composition and toxic content of PM2.5. The analyses also con-
sidered NASA’s satellite data as alternative data source to define
PM2.5 exposure. The analytic strategies also included the de-
velopment and testing of positive and negative controls to detect
possible hidden bias. In summary, our results demonstrate a
significant association between PM2.5 concentrations and risk
of development of kidney disease, and its progression to ESRD.
Effort to improve air quality might ease the burden of kidney
disease in the United States and globally.

CONCISE METHODS

Cohort Participants
We selected users of the Veterans Affairs (VA) Healthcare System, using

data from the US Department of Veterans Affairs, who had at least one

outpatient eGFRmeasurement betweenOctober 1, 2003 and September

30, 2004 and no prior history of ESRD, and designated the date of last

eGFR measurement in this time period as T0 (n=2,751,717). Patients

were further chosen on having at least one eGFR measurement after

T0 (n=2,680,431), andwere followed until September 30, 2012 or death.

Participants were then limited to those who had data on PM2.5

(n=2,628,465) and data on all covariates, yielding an analytic cohort

Figure 2. Analyses of risk of renal outcomes by PM2.5 concentra-
tions (PM2.5 of 5.7 mg/m3 served as a reference) with PM2.5 prob-
ability distribution in the background. (A) Risk of incident eGFR,60
ml/min/1.73 m2 (P for nonlinearity =0.90). (B) Risk of incident CKD
(P for nonlinearity =0.90). (C) Risk of eGFR decline $30% (P for
nonlinearity =0.84). (D) Risk ESRD (P for nonlinearity =0.47). Models

adjusted for age, race, sex, cancer, cardiovascular disease, chronic
lung disease, diabetes mellitus, hyperlipidemia, hypertension, T0
eGFR, BMI, smoking status, angiotensin-converting enzyme in-
hibitor/angiotensin receptor blocker use, county population den-
sity, number of outpatient eGFR measurements, number of hos-
pitalizations, and county percent in poverty.
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of 2,482,737 (Figure 4). The study was approved by the Institutional

ReviewBoardof theVASaint LouisHealthCare System(Saint Louis,MO).

Data Sources
Department of Veterans Affairs datasets were used to obtain patient de-

mographics, inpatient and outpatient data, laboratory information, vital

signs, andmedications.45,46 Details on the VAdatasets used are provided in

Supplemental Material.47–51 Data from the US Renal Database System

(USRDS) was used to supplement ESRD status information. The Center

for Disease Control’s (CDC)National Environmental PublicHealth Track-

ing Network furnished annual particulate matter estimates for the contig-

uous United States that originate from Community Multiscale Air Quality

modeled output.52,53 The CommunityMultiscale Air Quality System uses,

for counties with air monitoring stations, the measures from the EPA’s Air

Table 4. Risk of renal outcomes for every 10 mg/m3 increase in PM2.5 concentration using NASA Socioeconomic Data and
Applications Center data for exposure levels

PM2.5 Exposure Measure
Incident eGFR

<60 ml/min per 1.73 m2a
Incident CKDb ‡30% Decline

in eGFR
ESRD

Year 2004 annual average N 1,649,148 1,585,827 2,398,318 2,398,318
HR (95% CI) 1.19 (1.17 to 1.21) 1.24 (1.22 to 1.27) 1.23 (1.21 to 1.25) 1.18 (1.14 to 1.23)

Time varying N 1,648,772 1,585,517 2,397,912 2,397,912
HR (95% CI) 1.18 (1.16 to 1.21) 1.25 (1.22 to 1.28) 1.25 (1.23 to 1.28) 1.24 (1.18 to 1.30)

Models adjusted for age, race, sex, cancer, cardiovascular disease, chronic lung disease, diabetes mellitus, hyperlipidemia, hypertension, T0 eGFR, BMI smoking
status, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker use, county population density, number of outpatient eGFRmeasurements, number
of hospitalizations, and county percent in poverty.
aIncident eGFR ,60 ml/min per 1.73 m2 was evaluated in a subcohort of people with no prior history of eGFR #60 ml/min per 1.73 m2 at time of cohort entry.
bIncident CKDwas evaluated in a subcohort of peoplewith at least two eGFRmeasurements separatedby at least 90dayswho had noprior history eGFR#60ml/min per
1.73 m2 at time of cohort entry.

Figure 3. Geographic distribution of the national burden of incident CKD attributable to air pollution in the United States. (A) Risk
attributable to exposure levels of PM2.5 above the EPA recommended concentration of 12 mg/m3

. (B) Risk attributable to exposure levels
of PM2.5 above a uniform distribution between 2.4 and 5.9 mg/m3. Burden is per 100,000 population.
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Quality System. EPA data also provided information on sodium levels, as

well as the latitude and longitude of said monitoring stations.54 The NASA

Socioeconomic Data and Applications Center Global Annual PM2.5 grids

fromModerate Resolution Imaging Spectroradiometer, Multi-angle Imag-

ingSpectroradiometer, andSea-ViewingWideField-ofViewSensor aerosol

optical depth remote space-borne satellite sensing data provided an addi-

tional source of ambient PM2.5 estimates at the 10310 km resolution.55,56

National United States–based estimates of incident rates of CKD and treat-

ed ESRD were obtained from the CDC CKD Surveillance Project and the

2016 USRDS Annual Data Report, respectively.57,58 Data on county-level

poverty, population, population density, metropolitan statistical areas, and

zip code centroidwere obtained fromtheUSCensusBureau.Moredetailed

description of data sources is provided in Supplemental Material.

Exposure Assessment
The primary predictor variable for analyses was PM2.5 concentrations.

Cohort participants were assigned geographic location, which may have

varied over time, on the basis of their county information contained in

outpatient or inpatient data closest to but before a given time point. Using

annual monitor and modeled data, exposure (in micrograms per cubic

meter) was defined as (1) the annual average in year 2004, where a pa-

tient’s geographic location was designated as location at T0 (used in base-

linemodels); and (2) time varyingwhere geographic locationwasupdated

as cohort participants moved (and average annual exposure wasmatched

to their updated geographic location at any specific time). In all primary

analyses, unless otherwise indicated, measures correspond to a 10-mg/m3

increase inPM2.5.9 PM2.5 exposurewas additionally categorized intoquar-

tiles defined by the county-level distribution. In the time-varying model,

quartiles were independently defined by exposure distributions among

the counties in each given year. PM2.5 was alternatively defined by NASA’s

SEDAC Global Annual PM2.5 grids from MODIS, MISR and SeaWiFS

aerosol optical depth data through linkage to participant’s zip code of

residence.55,56 Further details are provided in Supplemental Material.

Ascertainment of Outcomes
Outcomes evaluated included the risk of incident eGFR,60 ml/min

per 1.73 m2, the risk of incident CKD where CKD was defined as two

eGFRmeasurements,60ml/min per 1.73m2 at least 90 days apart,47

time until $30% decline in eGFR from eGFR at T0, and time until

ESRD.59 Patients were censored after onset of ESRD, for all outcomes

other than ESRD, and at time of death or end of study follow-up. The

date of first ESRD services was ascertained through linkage of VA and

USRDS databases. Outpatient eGFR was used in the assessment of all

outcomes except for ESRD. eGFRwas calculated using the four-variable

abbreviated CKD Epidemiology Collaboration equation on the basis of

age, race, sex, and serum creatinine.60

Covariates
Covariate selection was on the basis of factors that could potentially

confound the association of PM2.5 and kidney disease outcomes, and

was informed by prior studies.3,23,47,61–64 Baseline covariates were

ascertained from October 1, 1999 until cohort entry (T0). Covariates

included age, race, sex, cancer, cardiovascular disease, chronic lung

disease, diabetes mellitus, hyperlipidemia, hypertension, T0 eGFR,

BMI, smoking status, angiotensin-converting enzyme inhibitor/

angiotensin receptor blocker use, county population density, number

of outpatient eGFR measurements, number of hospitalizations, and

county percent in poverty. Details of covariate definitions are pro-

vided in Supplemental Material. Covariates were treated as continu-

ous variables where appropriate, unless otherwise indicated.

Statistical Analyses
Demographicandclinical characteristicsof theoverall cohortandbycounty

PM2.5 quartile are presented as frequency (percent) for categorical variables,

and as mean (standard deviation) or median (interquartile range) for con-

tinuous variables if normally or non-normally distributed, respectively.

PM2.5 quartiles for Table 1 and baseline models were derived from the

distribution of 2004 monitor and modeled PM2.5 among counties. Age,

race, sex, and eGFR adjusted incident rates are presented, and were stan-

dardized to the distribution of these variables in the overall cohort. Sur-

vival curves for PM2.5 quartiles, adjusted for age, race, sex, and eGFR, are

presented. Cox proportional hazardmodels were adjusted for covariates as

described. In order to account for intracounty correlation, a robust sand-

wich estimator was used. Analyses were performed in baselinemodels and

time varying models, where PM2.5 exposure was treated as time varying.

Patients were excluded from time-varying analyses if their county of resi-

dence had missing data at any time during follow-up. The inclusion of

time-varying models in the analytic strategies was in consideration of the

fact that cohort participants may have moved over time, but also impor-

tantly in recognition of the fact that the Clean Air Act and other environ-

mental policies at state and local levels have resulted in reduction in PM2.5

over the years.65 The primary analyses were repeated utilizing PM2.5 expo-

sures derived from NASA satellite data. Effect modification of the associ-

ation between PM2.5 exposure and renal outcomes by age, race, sex, and

BMI was examined through the addition of interaction terms in separate

baseline models using above and below median age, black and nonblack,

men and women, and above and below median BMI interactions.

Cubic spline analyses were performed.66 AWald chi-squared test

for nonlinearity of spline terms indicated that, for all outcomes, there

was no statistical evidence of deviation from linearity. Further infor-

mation on the spline analysis is provided in Supplemental Material. A

representation of the linear relationship of PM2.5 and the HRs from

Figure 4. Flow diagram of cohort participant inclusion.

J Am Soc Nephrol 29: 218–230, 2018 Air Pollution and the Kidney 227

www.jasn.org CLINICAL EPIDEMIOLOGY

http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental


proportional hazard regressionmodels are provided, where the PM2.5

concentration of 5.7 mg/m3 was used as the reference. Distribution

histograms of PM2.5 are included in the background of these graphs.

PAF is presented as a measure of the proportion of the outcome in

the population attributable to PM2.5 exposure above the EPA standard

of 12 mg/m3. Further details on calculation of PAF and attributable

burden of disease are provided in Supplemental Material.

Missing datawere not imputed. In analyses, a 95%CIof anHR that

does not include unity was considered statistically significant. In all

analyses, a P value #0.05 was considered statistically significant. All

statistical analyses were done using SAS Enterprise Guide version 7.1

and SAS 9.4 (SAS Institute, Cary, NC).

Sensitivity Analyses
To test robustness of study findings, we undertook a number of sen-

sitivity analyses as described in Supplemental Material.

ACKNOWLEDGMENTS

Support for Veterans Affairs (VA)/Centers for Medicare and Medicaid

Services data are provided by the Department of Veterans Affairs, Vet-

erans Health Administration, Office of Research and Development,

Health Services Research and Development, and VA Information Re-

source Center (Project Number/Data Use Agreement ID Al-Aly-01).

This work was funded by a grant from the US Department of

Veterans Affairs (to Z.A.-A.).

The funders of this study had no role in study design, collection,

analysis, and interpretationofdata,writingthereport,andthedecisionto

submit the report for publication. The contents do not represent the

views of the US Department of Veterans Affairs or the US Government.

DISCLOSURES
None.

REFERENCES

1. Shah AS, Lee KK,McAllister DA, Hunter A, Nair H,WhiteleyW, Langrish
JP, NewbyDE,Mills NL: Short termexposure to air pollution and stroke:
Systematic review and meta-analysis. BMJ 350: h1295, 2015

2. Mateen FJ, Brook RD: Air pollution as an emerging global risk factor for
stroke. JAMA 305: 1240–1241, 2011

3. Miller KA, Siscovick DS, Sheppard L, ShepherdK, Sullivan JH, Anderson
GL, Kaufman JD: Long-term exposure to air pollution and incidence of
cardiovascular events in women. N Engl J Med 356: 447–458, 2007

4. Brook RD, Rajagopalan S, Pope CA 3rd, Brook JR, Bhatnagar A, Diez-
Roux AV, Holguin F, Hong Y, Luepker RV, Mittleman MA, Peters A,
Siscovick D, Smith SC Jr., Whitsel L, Kaufman JD; American Heart As-
sociation Council on Epidemiology and Prevention, Council on the
Kidney in Cardiovascular Disease, and Council on Nutrition, Physical
Activity and Metabolism: Particulate matter air pollution and cardio-
vascular disease: An update to the scientific statement from the
American Heart Association. Circulation 121: 2331–2378, 2010

5. Raaschou-Nielsen O, Andersen ZJ, Hvidberg M, Jensen SS, Ketzel M,
Sørensen M, Loft S, Overvad K, Tjønneland A: Lung cancer incidence

and long-term exposure to air pollution from traffic. Environ Health
Perspect 119: 860–865, 2011

6. Pope CA 3rd, Burnett RT, ThunMJ, Calle EE, Krewski D, Ito K, Thurston
GD: Lung cancer, cardiopulmonary mortality, and long-term exposure
to fine particulate air pollution. JAMA 287: 1132–1141, 2002

7. Cesaroni G, Forastiere F, StafoggiaM, Andersen ZJ, Badaloni C, Beelen
R, Caracciolo B, de Faire U, Erbel R, Eriksen KT, Fratiglioni L, Galassi C,
Hampel R, Heier M, Hennig F, Hilding A, Hoffmann B, Houthuijs D,
Jöckel KH, Korek M, Lanki T, Leander K, Magnusson PK, Migliore E,
Ostenson CG, Overvad K, Pedersen NL, J JP, Penell J, Pershagen G,
Pyko A, Raaschou-Nielsen O, Ranzi A, Ricceri F, Sacerdote C, Salomaa
V, Swart W, Turunen AW, Vineis P, Weinmayr G, Wolf K, de Hoogh K,
Hoek G, Brunekreef B, Peters A: Long term exposure to ambient air
pollution and incidence of acute coronary events: Prospective cohort
study and meta-analysis in 11 European cohorts from the ESCAPE
Project. BMJ 348: f7412, 2014

8. Samet JM, Dominici F, Curriero FC, Coursac I, Zeger SL: Fine particu-
late air pollution and mortality in 20 U.S. cities, 1987-1994. N Engl
J Med 343: 1742–1749, 2000

9. Pope CA 3rd, Ezzati M, Dockery DW: Fine-particulate air pollution and
life expectancy in the United States.N Engl J Med 360: 376–386, 2009

10. Lelieveld J, Evans JS, Fnais M, Giannadaki D, Pozzer A: The contribu-
tion of outdoor air pollution sources to premature mortality on a global
scale. Nature 525: 367–371, 2015

11. Correia AW, Pope CA 3rd, Dockery DW, Wang Y, Ezzati M, Dominici F:
Effect of air pollution control on life expectancy in the United States:
An analysis of 545 U.S. counties for the period from 2000 to 2007.
Epidemiology 24: 23–31, 2013

12. Lepeule J, Laden F, Dockery D, Schwartz J: Chronic exposure to fine
particles and mortality: An extended follow-up of the Harvard Six
Cities study from 1974 to 2009. Environ Health Perspect 120: 965–
970, 2012

13. ZhangQ, Jiang X, Tong D, Davis SJ, Zhao H, GengG, Feng T, Zheng B,
Lu Z, Streets DG,Ni R, BrauerM, vanDonkelaar A,Martin RV, HuoH, Liu
Z, Pan D, Kan H, Yan Y, Lin J, He K, Guan D: Transboundary health
impacts of transported global air pollution and international trade.
Nature 543: 705–709, 2017

14. Nemmar A, Al-Salam S, Zia S, Yasin J, Al Husseni I, Ali BH: Diesel ex-
haust particles in the lung aggravate experimental acute renal failure.
Toxicol Sci 113: 267–277, 2010

15. Nemmar A, Karaca T, Beegam S, Yuvaraju P, Yasin J, Hamadi NK, Ali
BH: Prolonged pulmonary exposure to diesel exhaust particles exac-
erbates renal oxidative stress, inflammation and DNA damage in mice
with adenine-induced chronic renal failure. Cell Physiol Biochem 38:
1703–1713, 2016

16. HendryxM:Mortality from heart, respiratory, and kidney disease in coal
mining areas of Appalachia. Int Arch Occup Environ Health 82: 243–
249, 2009

17. Lue SH, Wellenius GA, Wilker EH, Mostofsky E, Mittleman MA: Resi-
dential proximity to major roadways and renal function. J Epidemiol
Community Health 67: 629–634, 2013

18. Mehta AJ, Zanobetti A, Bind MA, Kloog I, Koutrakis P, Sparrow D,
Vokonas PS, Schwartz JD: Long-term exposure to ambient fine
particulate matter and renal function in older men: The Veterans
Administration Normative Aging study. Environ Health Perspect
124: 1353–1360, 2016

19. Xu X, Wang G, Chen N, Lu T, Nie S, Xu G, Zhang P, Luo Y, Wang Y,
Wang X, Schwartz J, Geng J, Hou FF: Long-term exposure to air pol-
lution and increased risk of membranous nephropathy in China. J Am
Soc Nephrol 27: 3739–3746, 2016

20. Cohen AJ, Brauer M, Burnett R, Anderson HR, Frostad J, Estep K,
Balakrishnan K, Brunekreef B, Dandona L, Dandona R, Feigin V,
Freedman G, Hubbell B, Jobling A, Kan H, Knibbs L, Liu Y, Martin R,
Morawska L, Pope CA 3rd, Shin H, Straif K, Shaddick G, Thomas M, van
Dingenen R, van Donkelaar A, Vos T, Murray CJL, Forouzanfar MH:
Estimates and 25-year trends of the global burden of disease

228 Journal of the American Society of Nephrology J Am Soc Nephrol 29: 218–230, 2018

CLINICAL EPIDEMIOLOGY www.jasn.org

http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental


attributable to ambient air pollution: An analysis of data from the Global
Burden of Diseases study 2015. Lancet 389: 1907–1918, 2017

21. Burnett RT, Pope CA 3rd, Ezzati M, Olives C, Lim SS, Mehta S, Shin HH,
Singh G, Hubbell B, Brauer M, Anderson HR, Smith KR, Balmes JR,
Bruce NG, Kan H, Laden F, Prüss-Ustün A, Turner MC, Gapstur SM,
Diver WR, Cohen A: An integrated risk function for estimating the
global burden of disease attributable to ambient fine particulatematter
exposure. Environ Health Perspect 122: 397–403, 2014

22. Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H,
Amann M, Anderson HR, Andrews KG, Aryee M, Atkinson C, Bacchus
LJ, Bahalim AN, Balakrishnan K, Balmes J, Barker-Collo S, Baxter A, Bell
ML, Blore JD, Blyth F, Bonner C, Borges G, Bourne R, Boussinesq M,
BrauerM, Brooks P, BruceNG, Brunekreef B, Bryan-Hancock C, Bucello
C, Buchbinder R, Bull F, Burnett RT, Byers TE, Calabria B, Carapetis J,
Carnahan E, Chafe Z, Charlson F, ChenH,Chen JS, ChengAT, Child JC,
Cohen A, Colson KE, Cowie BC, Darby S, Darling S, Davis A,
Degenhardt L, Dentener F, Des Jarlais DC, Devries K, Dherani M, Ding
EL, Dorsey ER, Driscoll T, Edmond K, Ali SE, Engell RE, Erwin PJ, Fahimi
S, Falder G, Farzadfar F, Ferrari A, Finucane MM, Flaxman S, Fowkes
FG, Freedman G, Freeman MK, Gakidou E, Ghosh S, Giovannucci E,
Gmel G, Graham K, Grainger R, Grant B, Gunnell D, Gutierrez HR, Hall
W, Hoek HW, Hogan A, Hosgood HD 3rd, Hoy D, Hu H, Hubbell BJ,
Hutchings SJ, Ibeanusi SE, Jacklyn GL, Jasrasaria R, Jonas JB, Kan H,
Kanis JA, Kassebaum N, Kawakami N, Khang YH, Khatibzadeh S, Khoo
JP, Kok C, Laden F, Lalloo R, LanQ, Lathlean T, Leasher JL, Leigh J, Li Y,
Lin JK, Lipshultz SE, London S, Lozano R, Lu Y, Mak J, Malekzadeh R,
Mallinger L, Marcenes W, March L, Marks R, Martin R, McGale P,
McGrath J, Mehta S, Mensah GA, Merriman TR, Micha R, Michaud C,
Mishra V, Mohd Hanafiah K, Mokdad AA, Morawska L, Mozaffarian D,
Murphy T, Naghavi M, Neal B, Nelson PK, Nolla JM, Norman R, Olives
C, Omer SB, Orchard J, Osborne R, Ostro B, Page A, Pandey KD, Parry
CD, Passmore E, Patra J, Pearce N, Pelizzari PM, PetzoldM, PhillipsMR,
Pope D, Pope CA 3rd, Powles J, Rao M, Razavi H, Rehfuess EA, Rehm
JT, Ritz B, Rivara FP, Roberts T, Robinson C, Rodriguez-Portales JA,
Romieu I, Room R, Rosenfeld LC, Roy A, Rushton L, Salomon JA,
Sampson U, Sanchez-Riera L, Sanman E, Sapkota A, Seedat S, Shi P,
Shield K, Shivakoti R, Singh GM, Sleet DA, Smith E, Smith KR,
Stapelberg NJ, Steenland K, Stöckl H, Stovner LJ, Straif K, Straney L,
Thurston GD, Tran JH, Van Dingenen R, van Donkelaar A, Veerman JL,
Vijayakumar L, Weintraub R, Weissman MM, White RA, Whiteford H,
Wiersma ST, Wilkinson JD, Williams HC, Williams W, Wilson N, Woolf
AD, Yip P, Zielinski JM, Lopez AD, Murray CJ, Ezzati M, AlMazroa MA,
Memish ZA: A comparative risk assessment of burden of disease and
injury attributable to 67 risk factors and risk factor clusters in 21 regions,
1990-2010: A systematic analysis for the Global Burden of Disease
study 2010. Lancet 380: 2224–2260, 2012

23. Bowe B, Xie Y, Xian H, Lian M, Al-Aly Z: Geographic variation and US
county characteristics associated with rapid kidney function decline.
Kidney International Reports 2: 5–17, 2017

24. Robert Wood Johnson Foundation: County Health Rankings & Road-
maps. Available at: http://www.countyhealthrankings.org/rankings/
data. Accessed June 9, 2016

25. Remington PL, Catlin BB, Gennuso KP: The county health rankings:
Rationale and methods. Popul Health Metr 13: 11, 2015

26. Mustafic H, Jabre P, Caussin C,MuradMH, Escolano S, TaffletM, Périer
MC, Marijon E, Vernerey D, Empana JP, Jouven X: Main air pollutants
and myocardial infarction: A systematic review and meta-analysis.
JAMA 307: 713–721, 2012

27. Kleinbaum DGK: M.: Survival Analysis, New York, Springer, 2005
28. Lipsitch M, Tchetgen Tchetgen E, Cohen T: Negative controls: A tool

for detecting confounding and bias in observational studies. Epidemiology
21: 383–388, 2010

29. Mills KT, Xu Y, ZhangW, Bundy JD, Chen CS, Kelly TN, Chen J, He J: A
systematic analysis of worldwide population-based data on the global
burden of chronic kidney disease in 2010. Kidney Int 88: 950–957,
2015

30. Chin MT: Basic mechanisms for adverse cardiovascular events associ-
ated with air pollution. Heart 101: 253–256, 2015

31. Miller MR, Raftis JB, Langrish JP, McLean SG, Samutrtai P, Connell SP,
Wilson S, Vesey AT, Fokkens PHB, Boere AJF, Krystek P, Campbell CJ,
Hadoke PWF, Donaldson K, Cassee FR, Newby DE, Duffin R, Mills NL:
Inhaled nanoparticles accumulate at sites of vascular disease. ACS
Nano 11: 4542–4552, 2017

32. Ostro B, Malig B, Broadwin R, Basu R, Gold EB, Bromberger JT, Derby
C, Feinstein S, Greendale GA, Jackson EA, Kravitz HM, Matthews KA,
Sternfeld B, Tomey K, Green RR, Green R: Chronic PM2.5 exposure and
inflammation: Determining sensitive subgroups in mid-life women.
Environ Res 132: 168–175, 2014

33. Rückerl R, Hampel R, Breitner S, Cyrys J, Kraus U, Carter J, Dailey L,
Devlin RB, Diaz-Sanchez D, Koenig W, Phipps R, Silbajoris R, Soentgen
J, Soukup J, Peters A, Schneider A: Associations between ambient air
pollution and blood markers of inflammation and coagulation/fibrinolysis
in susceptible populations. Environ Int 70: 32–49, 2014

34. SørensenM, Daneshvar B, HansenM, Dragsted LO, Hertel O, Knudsen
L, Loft S: Personal PM2.5 exposure and markers of oxidative stress in
blood. Environ Health Perspect 111: 161–166, 2003

35. SunQ,WangA, JinX,NatanzonA, DuquaineD,Brook RD, Aguinaldo JG,
Fayad ZA, Fuster V, LippmannM, Chen LC, Rajagopalan S: Long-term air
pollution exposure and acceleration of atherosclerosis and vascular in-
flammation in an animal model. JAMA 294: 3003–3010, 2005

36. Krishnan RM,Adar SD, Szpiro AA, JorgensenNW,VanHeeVC, Barr RG,
O’Neill MS, Herrington DM, Polak JF, Kaufman JD: Vascular responses
to long- and short-term exposure to fine particulate matter: MESA Air
(Multi-Ethnic Study of Atherosclerosis and Air Pollution). J Am Coll
Cardiol 60: 2158–2166, 2012

37. Wilker EH, Ljungman PL, Rice MB, Kloog I, Schwartz J, Gold DR,
Koutrakis P, Vita JA,Mitchell GF, Vasan RS, Benjamin EJ, HamburgNM,
MittlemanMA: Relation of long-term exposure to air pollution to brachial
artery flow-mediated dilation and reactive hyperemia. Am J Cardiol 113:
2057–2063, 2014

38. Auchincloss AH, Diez Roux AV, Dvonch JT, Brown PL, Barr RG, Daviglus
ML, Goff DC, Kaufman JD, O’Neill MS: Associations between recent
exposure to ambient fine particulate matter and blood pressure in the
Multi-ethnic Study of Atherosclerosis (MESA). Environ Health Perspect
116: 486–491, 2008

39. Fuks KB, Weinmayr G, Foraster M, Dratva J, Hampel R, Houthuijs D,
Oftedal B, Oudin A, Panasevich S, Penell J, Sommar JN, Sørensen M,
Tiittanen P,Wolf K, XunWW,Aguilera I, BasagañaX, Beelen R, BotsML,
Brunekreef B, Bueno-de-Mesquita HB, Caracciolo B, CirachM, de Faire
U, de Nazelle A, Eeftens M, Elosua R, Erbel R, Forsberg B, Fratiglioni L,
Gaspoz JM, Hilding A, Jula A, Korek M, Krämer U, Künzli N, Lanki T,
Leander K, Magnusson PK, Marrugat J, Nieuwenhuijsen MJ, Ostenson
CG, Pedersen NL, Pershagen G, Phuleria HC, Probst-Hensch NM,
Raaschou-Nielsen O, Schaffner E, Schikowski T, Schindler C, Schwarze
PE, Søgaard AJ, Sugiri D, Swart WJ, Tsai MY, Turunen AW, Vineis P,
Peters A, Hoffmann B: Arterial blood pressure and long-term exposure
to traffic-related air pollution: An analysis in the European Study of
Cohorts for Air Pollution Effects (ESCAPE). Environ Health Perspect
122: 896–905, 2014

40. Fuks K,Moebus S, Hertel S, Viehmann A, NonnemacherM, Dragano N,
Möhlenkamp S, Jakobs H, Kessler C, Erbel R, Hoffmann B; Heinz Nixdorf
Recall Study Investigative Group: Long-term urban particulate air pollu-
tion, traffic noise, and arterial blood pressure. Environ Health Perspect
119: 1706–1711, 2011

41. Thomson EM, Vladisavljevic D, Mohottalage S, Kumarathasan P,
Vincent R:Mapping acute systemic effects of inhaled particulatematter
and ozone: Multiorgan gene expression and glucocorticoid activity.
Toxicol Sci 135: 169–181, 2013

42. Wei Y, Zhang JJ, Li Z, Gow A, Chung KF, HuM, Sun Z, Zeng L, Zhu T, Jia
G, Li X, Duarte M, Tang X: Chronic exposure to air pollution particles
increases the risk of obesity and metabolic syndrome: Findings from a
natural experiment in Beijing. FASEB J 30: 2115–2122, 2016

J Am Soc Nephrol 29: 218–230, 2018 Air Pollution and the Kidney 229

www.jasn.org CLINICAL EPIDEMIOLOGY

http://www.countyhealthrankings.org/rankings/data
http://www.countyhealthrankings.org/rankings/data


43. Chen Z, SalamMT, Toledo-Corral C,Watanabe RM, Xiang AH, Buchanan
TA, Habre R, Bastain TM, Lurmann F, Wilson JP, Trigo E, Gilliland FD:
Ambient air pollutants have adverse effects on insulin and glucose ho-
meostasis in Mexican Americans. Diabetes Care 39: 547–554, 2016

44. Wolf K, Popp A, Schneider A, Breitner S, Hampel R, Rathmann W,
Herder C, Roden M, Koenig W, Meisinger C, Peters A; KORA-Study
Group: Association between long-term exposure to air pollution and
biomarkers related to insulin resistance, subclinical inflammation, and
adipokines. Diabetes 65: 3314–3326, 2016

45. Al Aly Z, Edwards JC: Vascular biology in uremia: Insights into novel
mechanisms of vascular injury. Adv Chronic Kidney Dis 11: 310–318, 2004

46. Al-Aly Z, Balasubramanian S, McDonald JR, Scherrer JF, O’Hare AM:
Greater variability in kidney function is associated with an increased risk
of death. Kidney Int 82: 1208–1214, 2012

47. Xie Y, Bowe B, Li T, Xian H, Balasubramanian S, Al-Aly Z: Proton pump
inhibitors and risk of incident CKD and progression to ESRD. J Am Soc
Nephrol 27: 3153–3163, 2016

48. Xie Y, Bowe B, Li T, Xian H, Yan Y, Al-Aly Z: Long term kidney outcomes
among proton pump inhibitors users without intervening acute kidney
injury. Kidney Int 91: 1482–1494, 2017

49. Xie Y, Bowe B, Xian H, Balasubramanian S, Al-Aly Z: Rate of kidney
function decline and risk of hospitalizations in stage 3A CKD. Clin J Am
Soc Nephrol 10: 1946–1955, 2015

50. Xie Y, Bowe B, Xian H, Balasubramanian S, Al-Aly Z: Estimated GFR
trajectories of people entering CKD stage 4 and subsequent kidney
disease outcomes and mortality. Am J Kidney Dis 68: 219–228, 2016

51. Xie Y, Bowe B, Xian H, Balasubramanian S, Al-Aly Z: Renal function
trajectories in patients with prior improved eGFR slopes and risk of
death. PLoS One 11: e0149283, 2016

52. Centers forDiseaseControl:National environmental publichealth tracking
network: Indicator: Annual PM2.5 Level (Monitor 1 Modeled) (n.d.) web.
Available at: www.cdc.gov/ephtracking. Accessed September 20, 2016

53. Vaidyanathan A, Dimmick WF, Kegler SR, Qualters JR: Statistical air
quality predictions for public health surveillance: Evaluation and gen-
eration of county level metrics of PM2.5 for the environmental public
health tracking network. Int J Health Geogr 12: 12, 2013

54. USEnvironmentalProtectionAgency:Airquality systemdatamart.Available
at: http://www.epa.gov/ttn/airs/aqsdatamart. Accessed August 1, 2016

55. van Donkelaar A, Martin RV, Brauer M, Boys BL: Use of satellite ob-
servations for long-term exposure assessment of global concentrations
of fine particulate matter. Environ Health Perspect 123: 135–143, 2015

56. van Donkelaar A, Martin RV, Brauer M, Boys BL: Global Annual PM2.5
Grids from MODIS, MISR and SeaWiFS Aerosol Optical Depth (AOD),
1998-2012. Palisades, NY, NASA Socioeconomic Data and Applica-
tions Center (SEDAC), 2015.

57. Centers for Disease Control and Prevention: Chronic kidney disease
surveillance system—United States: Incidence of CKD stages 3-5 in a

study cohort by age 1987-1998. Available at: https://nccd.cdc.gov/
ckd/detail.aspx?Qnum5Q356. Accessed October 1, 2016

58. Saran R, Li Y, Robinson B, Abbott KC, Agodoa LY, Ayanian J, Bragg-
Gresham J, Balkrishnan R, Chen JL, Cope E, Eggers PW, Gillen D,
Gipson D, Hailpern SM, Hall YN, He K, Herman W, Heung M, Hirth RA,
Hutton D, Jacobsen SJ, Kalantar-Zadeh K, Kovesdy CP, Lu Y, Molnar
MZ,Morgenstern H,Nallamothu B, NguyenDV,O’HareAM, Plattner B,
Pisoni R, Port FK, Rao P, Rhee CM, Sakhuja A, Schaubel DE, Selewski
DT, Shahinian V, Sim JJ, Song P, Streja E, Kurella Tamura M, Tentori F,
White S, Woodside K, Hirth RA: US renal data system 2015 annual data
report: Epidemiology of kidney disease in the United States. Am J
Kidney Dis 67[Suppl 1]: S1–S305, 2016

59. Coresh J, Turin TC,Matsushita K, Sang Y, Ballew SH, Appel LJ, ArimaH,
Chadban SJ, CirilloM, DjurdjevO,Green JA, HeineGH, Inker LA, Irie F,
Ishani A, Ix JH, Kovesdy CP, Marks A, Ohkubo T, Shalev V, Shankar A,
WenCP, de Jong PE, Iseki K, Stengel B, Gansevoort RT, Levey AS; CKD
Prognosis Consortium: Decline in estimated glomerular filtration rate
and subsequent risk of end-stage renal disease and mortality. JAMA
311: 2518–2531, 2014

60. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman
HI, Kusek JW, Eggers P, Van Lente F, Greene T, Coresh J; CKD-EPI
(Chronic Kidney Disease Epidemiology Collaboration): A new equation
to estimate glomerular filtration rate. Ann Intern Med 150: 604–612,
2009

61. Bowe B, Xie Y, Xian H, Balasubramanian S, Al-Aly Z: Low levels of high-
density lipoprotein cholesterol increase the risk of incident kidney
disease and its progression. Kidney Int 89: 886–896, 2016

62. Bowe B, Xie Y, Xian H, Balasubramanian S, Zayed MA, Al-Aly Z: High
density lipoprotein cholesterol and the risk of all-cause mortality
among US Veterans. Clin J Am Soc Nephrol 11: 1784–1793, 2016

63. Bowe B, Xie Y, Xian H, Li T, Al-Aly Z: Association between monocyte
count and risk of incident CKD and progression to ESRD.Clin J Am Soc
Nephrol 12: 603–613, 2017

64. Xie Y, Bowe B, Li T, Xian H, Yan Y, Al-Aly Z: Risk of death among users of
proton pump inhibitors: a longitudinal observational cohort study of US
veterans [published online ahead of print July 4, 2017]. BMJ Open
2017;7:e015735. doi: 10.1136/bmjopen-2016-015735

65. Samet JM: The clean air act and health–a clearer view from 2011. N
Engl J Med 365: 198–201, 2011

66. Heinzl H, Kaider A: Gainingmore flexibility in Cox proportional hazards
regression models with cubic spline functions. Comput Methods Pro-
grams Biomed 54: 201–208, 1997

This article contains supplemental material online at http://jasn.asnjournals.
org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental.

230 Journal of the American Society of Nephrology J Am Soc Nephrol 29: 218–230, 2018

CLINICAL EPIDEMIOLOGY www.jasn.org

http://www.cdc.gov/ephtracking
http://www.epa.gov/ttn/airs/aqsdatamart
https://nccd.cdc.gov/ckd/detail.aspx?Qnum=Q356
https://nccd.cdc.gov/ckd/detail.aspx?Qnum=Q356
http://dx.doi.org/10.1136/bmjopen-2016-015735
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017030253/-/DCSupplemental

